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In th e first experim ent th e anim als were injected w ith a dose of b arb itu ra tes sufficient to induce sleep for a period of 3 or 4 hr. a t a tim e of day w hen th e y were usually active. The injections were given a t 17.00 hr. as th e anim als were w aking from th eir afternoon sleep, an d th e y resulted in a sharp rise in m itotic activity. A m axim um was reached a t 20.00 hr., th e tim e w hen th e m itotic ac tiv ity of th e controls h ad dropped to a m inim um . As th e anim als recovered an d becam e active, th e ir m itosis ra te fell quickly to a low level.
I n th e second experim ent th e anim als were placed in a slowly revolving box, an d so forced to rem ain aw ake an d active thro u g h o u t an afternoon when th e y w ould otherw ise have been asleep. This tre a tm e n t resulted in extrem ely low m itotic activ ity , in co n trast to w hich th a t of th e norm ally sleeping controls rose to a high level. I t is probably significant th a t w hen th e mice were released from th e revolving box, and could a t last sleep, th eir m itosis rate rem ained low. This suggests th a t th e excessive exercise h ad either resulted in th e production of some m itosis-depressing substance w hich rem ained in th e system , or th a t some substance v ita l to m itosis h ad been used up and took some tim e to be replaced.
The conclusion is now justified th a t th e ra te of epiderm al m itosis norm ally increases during sleep, and decreases during hours of w akefulness an d exercise. In this w ay th e form of th e diurnal m itosis cycle is determ ined by th e habits of th e anim als.
I n t r o d u c t i o n
In a description of the diurnal cycle of mitotic activity in the adult male mouse (Bullough 1948) , it was shown that, in spite of a high degree of individual variation, a maximum rate of cell division was usually developed a t 06.00 and 14.00 hr., and a minimum a t 10.00 and 20.00 hr. This was also true in a variety of internal tissues. I t was further shown th a t the diurnal variations in mitosis are apparently related to diurnal variations in bodily activity, since, on the average, the mitosis rate was highest at those times when the mice were usually resting and lowest at those times when they were usually active. The high degree of individual variation in mitotic activity may be related to the high degree of individual variation in spontaneous bodily activity.
Experimental investigation of these last points would appear to be of considerable interest. The object of the present paper, therefore, is to attem pt to prove the connexion between rest and high mitotic activity, and between exercise and low mitotic activity. M a t e r i a l a n d m e t h o d s
( 1)
The mice
Most of the mice used for these experiments were of the Kreyberg white label strain, but one or two mice of Strong's CBA st experimental group. No differences of response were found between them. All were males of between 3 and 4 months of age, and so were in full-breeding condition. All were apparently in perfect health. Before and during the experiments they were reared and kept a t a constant tem perature of 20° C. Their diet consisted of whole oats, dog biscuit, and oat cake soaked in cod-liver oil, and it was given to them between 09.00 and 10.00 hr. The experiments were performed in winter time when the daily light period was from 08.00 to 18.00 hr. All references to the hour of day are in Greenwich mean time.
(2) Experimental methods
The details of the various experimental conditions to which the mice were subjected are given below in the course of the observations.
(3) Histological methods
The methods used in removing pieces of the ear epidermis, and in fixing, sectioning and staining them, were those already described in detail by Bullough (1948) .
(4) Statistical methods
In all cases the method of counting the numbers of epidermal cell divisions was the same. To avoid the danger of including the same division twice, the mitoses were counted in alternate serial sections. All stages of mitosis from prophase to telophase were included in the counts which were made on lengths of 1 mm. sections cut I p thick. As the counts for each group of 10 mm. were completed, they were added together to give the figure for one unit section length of 1 cm. From each earclip ten separate counts were made, each for a section length of 1 cm., and therefore from each group of five earclips fifty counts were taken. From these fifty figures the averages and standard errors were obtained by the method already described (Bullough 1948) .
In the supplementary observations on the hour to hour changes in bodily activity, records were taken throughout six repetitions of each experiment, different mice being used each time. The activity for each hour was then taken to be the average of the six figures for th a t hour. The standard error was calculated from the standard deviation cr which was obtained by the use of the formula o* = *f(Lfd2jN -1), where / is the frequency, d the deviation from the mean, and N the num ber in the sample. This is the formula recommended for small samples by Simpson & Roe (1939) .
O b s e r v a t i o n s (1) Effect of rest
In this first experim ent the effect was determined of an artificially induced rest a t a time when the mice would normally be very active. Five male mice were p u t to sleep by means of a subcutaneous injection of 'somnifaine' (a solution of the diethylamine salts of diethyl-and allyl-isopropyl-barbituric acids). Preliminary experiments were carried out to determine w hat dose was necessary a t 17.00 hr., when the mice were waking from their afternoon sleep, to induce further sleep for a period of about 3 hr. The results indicated th a t 2-5 mg. was the optimum dose. A lower dose of 2-0 mg. did not ensure th a t all the animals would succumb fully, and a higher dose of 3-0 mg. caused too deep a sleep for too long a period. As it was, one animal responded too deeply to the dose of 2-5 mg. and had to be replaced. In this animal mitotic activity fell to a low level, and it is om itted from the results tabled below.
The experiment was commenced a t 16.00 hr. w ith the removal of the first earclips, and a t this time the animals were already becoming active after their usual after noon sleep. A t 17.00 hr. the injections were given. After 15 min. the animals were staggering about the box, and after 30 min. they were fast asleep. A t 18.00 and 20.00 hr. the second and third earclips were taken, and all this time the mice remained asleep, their only movements being deep breathing and occasional scratching, twitching, or wriggling. A t various times between 20.00 and 22.00 hr. they began to recover, and when the fourth earclips were taken a t 22.00 hr., all the animals were tottering about in an uncertain manner. By 24.00 hr., when the fifth earclips were taken, they were almost fully recovered and were very active. The same was true a t 02.00 hr. when the sixth and last earclips were taken.
An analysis of the mitotic activity shown by these earclips is given in table 1. Also included in the table are the figures for normally active mice a t the times covered by the experiments.
These two sets of figures are illustrated and compared in figure 1. In the controls the mitosis rate dropped as the animals awoke and became active in the late afternoon, while in the drugged and sleeping mice the rate rose. The differences between the two sets of figures are not statistically significant by 18.00 hr., bu t by 20.00 hr. the numbers of cell divisions in the control mice had reached a minimum while those of the drugged mice had reached a maximum. Then the difference between the figures is strongly significant, and it is obvious th a t the artificial induction of sleep resulted in a great increase in the mitosis rate a t a time when th a t rate would normally be reduced. The maximum rate of cell division, developed after 3 hr. of drugged sleep, was not quite so high as th a t reached in normal sleep (Bullough 1948) , although it is possible th a t had the effects of the drug continued for another hour or two, a higher rate might have been reached. As stated above, the mice recovered consciousness before 22.00 hr., and thereafter they continued to be active. The recovery was accompanied by a sharp drop in mitotic activity. To emphasize these results still further, groups of five male mice were drugged in the same way a t the same tim e of day, and their times of waking and degrees of bodily activity were measured. This was done, as already described by Bullough (1948) , by putting them into a box divided into two compartments. These two compartments communicated with each other by a small hole through which only one animal could pass a t a time. In the hole was suspended a lever linked to a sprung arm by which every movement was recorded on a revolving smoked drum. The number of movements per hour, representing the number of times the mice passed through the hole, was then used as a measure of bodily activity. The average results of six separate experiments performed with this activity box are recorded in table 2, in which are also included analyses of the movements of normal mice at these times. In graphs 2 and 3, figure 2, comparisons are made between the mitotic activity and the bodily activity of the control mice and of the drugged mice. For clarity, the liberty is taken of representing the results for bodily activity as line graphs. Because of this, the comparison made is really between the mitotic activity a t any one time and the total bodily activity occurring in the previous hour. The close but inverse relationship between cell division and exercise is strikingly illustrated. By 18.00 hr., after only 30 or 40 min. sleep, the mitosis rate of the drugged mice already appeared to be rising, but the maximum, noted a t 20.00 hr., evidently took some 2 hr. to develop. The drop in the mitosis rate following the resumption of exercise was more rapid, so th a t a minimum was reached by 22.00 hr. after about 60 min. wakefulness. Thereafter, as bodily activity continued high, mitotic activity remained low.
The general conclusion would seem to be th a t when mice are p u t into a fight sleep by means of barbiturates the mitosis rate rises as it does in normal sleep. However, the necessary dosage of barbiturates m ust be carefully determined. If, as was shown in discarded preliminary experiments, the dose given is too high, the result is a fall in the numbers of cell divisions.
(2) Effect of exercise
The attem pt to induce the converse effect to th a t recorded above was made with the use of a revolving box. By means of this a treadm ill effect was obtained, and the mice were forced to keep awake and active a t a time when they would otherwise have been asleep. The box was wooden with a perforated zinc top held in place by four catches, and it was made to rotate round its long axis by a drive from a clock work motor. I t made one complete revolution every 5 min., which was sufficient to prevent sleep but which did not cause excessive fatigue. Five adult males were placed in this box a t 11.00 hr., which is a time when, feeding being over, they would normally be settling down in readiness for their early afternoon sleep. The mice chosen had already begun to rest in a corner when they were transferred to the revolving box. The very act of placing them into a new box was sufficient to stimulate them greatly so th a t they immediately became extremely active. This activity continued almost undiminished until 15.00 hr., when the first signs of tiredness were apparent. From 15.30 until 17.00 hr., when the box was stopped, the mice adopted crouching attitudes and walked as slowly as possible while keeping pace with the revolutions. At 17.00 hr. the mice were returned to their old box when, instead of immediately falling asleep as was anticipated, they spent about 30 min. feeding eagerly. Hunger was obviously their dom inant feeling a t this time in spite of the fact th a t a little food had been available to them in the revolving box. Then, after their hunger had been relieved, they even found some energy to fight. However, by 18.00 hr. they had all fallen asleep, and they remained so almost until the end of the experiment a t 20.00 hr. F ig u r e 3. G ra p h 4 sh o w in g th e a v e ra g e n u m b e rs o f m ito se s p e r cm . le n g th o f se ctio n s o f e a r e p id e rm is in c o n tro l m ice a n d in m ic e g iv e n ex ercise in a re v o lv in g b o x fro m 11.00 u n til 17.00 h r.
The removal of earclips from these mice started a t 10.00 hr. and continued at 2-hourly intervals until 20.00 hr. In table 3 there are recorded the average numbers of mitoses found in these clips, as well as the numbers of mitoses present in earclips of control mice not subjected to forced exercise.
The comparison between these two sets of figures is made in graph 4, figure 3 , and it is evident that, with the elimination of the usual afternoon sleep period, the mitotic activity of the ear epidermis remained low. Indeed, it is notable th a t after only 1 hr. in the revolving box the mitosis rate fell sharply to a figure which is a long way below any previously observed minimum. Indeed, the treatm ent depressed mitosis almost to the point of elimination. I t should also be noted th a t the depression achieved was not overcome by the effects of the 2 or 2 | hr. sleep which preceded 20.00 hr., and the impression is therefore gained th a t some extreme exhaustion was produced which would take time to be overcome.
Finally, the experiment was repeated six times with different groups of five mice each, and the spontaneous bodily activity of the animals was measured in the hours before and after the period spent in the revolving box. The measurement was made by means of the same activity box mentioned above. The results are given in table 4 which, for comparison, also includes the average figures for the spontaneous bodily activity of normal mice a t the same times of day.
W. S. Bullough In graphs 5 and 6, figure 4, the comparisons are made between the mitotic activity and bodily activity of the control and of the experimental mice. Again, the way in which high bodily activity is associated with low mitotic activity is emphasized, and again it is evident th a t the rest period of the experimental animals from about 17.30 hr. until about 20.00 hr. was not sufficient to cause any significant rise in mitotic activity.
D i s c u s s i o n
These results supplement and strengthen the conclusions reached by Bullough (1948) in his recent study of the normal diurnal cycle of mitotic activity in the adult male mouse, and constitute a proof of the inverse relationship between mitotic activity and bodily activity. Although in the present work only the epidermis was examined, it may be presumed th a t the effect is a common one, since it has already been shown th a t many mouse tissues follow diurnal cycles of mitotic activity identical with th a t of the epidermis. F ig u r e 4. G raph 5 show ing th e inverse relatio n sh ip betw een epiderm al m ito tic a c tiv ity (continuous line) a n d bo d ily a c tiv ity (broken line) in co n trol mice. G raph 6 show ing th e inverse relationship betw een epiderm al m ito tic a c tiv ity (continuous line) a n d bodily a c tiv ity (broken line) in mice given exercise in a revolving box from 11.00 u n til 17.00 hr.
From this conclusion th a t high mitotic activity is associated with sleep and low mitotic activity with exercise, it follows th a t no general statem ent can be made on the normal form of the diurnal mitosis cycle of laboratory mice. The type of cycle which is common in any one colony m ust be entirely determined by the habits of resting and waking of its members, and these in tu rn will be determined by the routine of the laboratory. I t is very probable th a t the form of cycle will also prove to be strongly affected by such factors as the age, the sex, and the diet, or, in other words, by the general condition of the mice.
The way is now open for an examination of the effects on mitosis of some of the factors which are known to vary between sleeping and waking. The first such factor which comes to mind is the physical one of body tem perature which is, of course, closely associated with the more complicated subject of metabolic rate. Both body tem perature and metabolic rate are known to be higher in waking than in sleeping, and a lower body temperature, or a slower metabolic rate, may therefore be im portant prerequisites for active mitosis. In this connexion it will be remembered th a t cell division in the mammalian testis cannot take place actively unless that organ comes to lie in the cooler conditions of the scrotal sac, an observation which may be compared with th a t of Riley (1937) th a t spermatogenesis in the house sparrow, Passer domesticus L., only proceeds at a high rate during the night when body tem perature is lowered. However, it does not appear th a t body temperature can be the only im portant factor in diurnal mitosis rhythm s. The outcome of the revolving box experiment seems to indicate th a t excessive exercise, or heightened metabolic rate, results either in the production of a mitosis-depressing substance which takes some hours to be eliminated, or in the using up of some mitosisstimulating substance which takes some hours to reform in sufficient quantity. In other words, it may well be th a t the most im portant factor, or factors, are chemical rather than physical, and work on this point is now in progress. 
